The dynamic recrystallization behavior of austenite in an 18-8 stainless steel and an 18 Ni maraging steel was studied mainly by microstructural observations of the specimens which were water-quenched immediately after the tensile deformation to various strains at temperatures ranging from 800 to 1200 °C and at strain rates of 10'3 10-~ s-1, The changes in austenite grain size and hardness at room temperature due to the dynamic recrystallization were also studied.
I. Introduction
In recent years, studies on the deformation behavior and the microstructural change during hot working of steels have become active in connection with the controlled rolling of HSLA steels, hot workability of high alloy steels, the crack formation during continuous casting of steels, etc. During the hot deformation of steels, the steady state of deformation is achieved by the balance between the work hardening and the simultaneous softening due to the dynamic recovery or the dynamic recrystallization. The creep deformation, in which the steady state condition is attained by the dynamic recovery at low strain rate, has been investigated experimentally and theoretically by many researchers. On the other hand, the metallurgical studies on the hot working at relatively high strain rates have been little done, and hence our knowledges in the deformation behavior and microstructural change during hot working are highly limited in comparison with the creep deformation.
It is known that the dynamic recrystallization takes place during hot working in the austenite (r) range of pure iron and plain carbon steels.1-5) However, the studies on the dynamic recrystallization in high alloy steels are limited. For austenitic stainless steels, there are some paperss-lo) that show the occurrence of the dynamic recrystallization during hot deformation, but the details (e.g., the deformation condition for the occurrence of dynamic recrystallization) are still unclear.
The aim of the present investigation is to make clear the effect of deformation conditions (i.e., T, s and e) and the initial grain size on the dynamic recrystallization behavior of austenite in 18-8 stainless steel and 18 Ni maraging steel, and also to study the grain size refinement effect and the hardening effect at room temperature due to the dynamic recrystallization of austenite.
II. Experimental Procedures
The type 304 stainless steel and the 18 Ni maraging steel (300 ksi grade) were used. Chemical compositions of these steels are shown in Table 1 . Tensile specimens with a reduced gage-section of 10 mm in length as shown in Fig. 1 were machined from asreceived bars. Figure 2 shows the heat treatments of specimens and tensile test conditions for both steels. Specimens of the stainless steel which is austenite single phase even at room temperature were heated at temperatures between 1 200 °C and 1 300 °C in a vacuum furnace and quenched into oil to adjust the austenite grain size from 76 to 250 pm. These were deformed by Instron-type tensile machine at various temperatures between 1 000 °C and 1 200 °C at strain rates of 1.7 x 10-3 to 1.7 x 10-1 s-1. Tensile specimens were heated by electric induction in N2 or (90 % N2+ 10 % H2) gas atmosphere. In the case of the maraging steel which is of martensitic structure at room temperature, specimens were, at first, austenitized at 900 °C for 30 min in the vacuum furnace in order to eliminate the thermal and mechanical effects caused by specimen preparation. These specimens were set into the tensile machine and austenitized at 1 200 °C for 1 min by the induction heating in gas atmosphere (the austenite grain size of 193 hem was obtained by this heating) and immediately deformed in tension at same temperature (1 200 °C) or at temperatures between 800 °C and 1 100 °C after atmosphere gas cooling from the austenitizing temperature.
For the observation of the microstructural change
Transactions ISIT, Vol. 22, 1982 during hot deformation and the measurement of room temperature hardness, specimens were rapidly quenched by water spray immediately after (within 0.5 sec) the deformation to various strains. The microstructure was observed by means of optical microscopy on the plane sectioned along the tensile direction of specimens. For revealing austenite grain boundaries, specimens of stainless steel were etched with the solution of HF 20 cc+HNO3 10 cc+Glyc-erin 20 cc. In the case of the maraging steel, the prior austenite grain boundaries were revealed by electrolytic etching with CrO3 10 g+H2O 90 cc after the tempering of specimens at 500 °C for 20 min. The austenite grain size was measured by the linear intercept method. The room temperature hardness was measured by the Vickers hardness tester (load of 10 kg or 20 kg).
III. Results

I. Effect of the Deformation Condition (T,
and E) and the Initial Austenite Grain Size (Do) on the Dynamic Recrystallization Behavior of Austenite Photograph 1 is the optical micrographs showing the microstructural change associated with the dynamic recrystallization of austenite in the stainless steel (D0= 150 pm) which was deformed to various strains at the strain rate of 1.7 x 10-2 s-1 at 1 100 °C, immediately followed by quenching to the room temperature. In this paper, the lateral direction of micrographs corresponds to the tensile direction of specimen. The strain of each specimen in Photo. 1 corresponds to the strain indicated on the inserted true stress-true strain curve.* The initial structure of austenite before testing is of equiaxed grains containing many annealing twins as shown in Photo. 1 (a). In the early stage of deformation up to the strain of peak stress, the original austenite boundaries become finely serrated and the bulging of original grain boundaries is also observed (Photo. 1 (b)). When deformed to around the strain for the peak flow stress, fine dynamically recrystallized grains are formed preferentially at original austenite grain boundaries and annealing twin boundaries (Photo. 1 (c)). With further increase in the strain, the dynamic recrystallization proceeds and finally the original austenite grains are completely replaced by newly recrystallized grains as shown in Photo. 1 (d). Once the dynamic recrystallization is completed, the almost steady state flow stress is attained and the microstructure of austenite and its grain size are almost constant at any strains in the steady state region as can be seen in Photos. 1 (d) and (e).
Photograph 2 is a series of optical micrographs showing the progress of dynamic recrystallization of austenite with the strain in the maraging steel (D0= 193 pm) deformed to various strains at the strain rate of 1.7 x 10-1 s-1 at 1200 °C, followed by the immediate quenching. In this steel, although the structure is fully martensitic at room temperature, the dynamic recrystallization behavior of austenite during high temperature deformation can be recognized by the observation of prior austenite grain boundaries as shown in Photo. 2. An abnormal coarsening of original austenite grains was observed in some grains 
Transactions ISIJ, Vol. 22, 1982 fore, in this investigation, in order to compare the dynamic recrystallization behavior in the different steels or different initial grain sizes, the microstructural observations were carried out in the specimens which were deformed to a fixed strain of about 0.5 at various T and E. Photograph 3 shows examples of the optical micrographs of maraging steel which was deformed to the strain of about 0.5 under different deformation conditions. When deformed to =0.42 at the strain rate of l.7 x 10-' s-1 at 800 °C, the original austenite grains are extremely elongated in the direction of tensile deformation, indicating that the dynamic recrystallization did not take place (Photo. 3 (a)). On the other hand, Photo. 3 (b) (T= 1 000 °C, =1.7 x 10-1 s-1, e=0.50) and Photo. 3 (c) (T=1000 °C, E=1.7 x 10-2 s'1, E=0.45) are the partially dynamically recrystallized and the completely dynamically recrystallized structures, respectively. Based on the optical microstructural observations such as Photo. 3, the structural change in austenite under various deformation conditions with different T and a (s was almost constant of about 0.5) was examined in both steels. The results are summarized in Table 2 , in which marks of 0, and x indicate the completely dynamically recrystallized, the partially dynamically recrystallized and the unrecrystallized austenite, respectively. The followings can be found from Table 2 .
(1) The dynamic recrystallization of austenite takes place in both steels under definite deformation conditions, that is, at higher temperatures or lower strain rates.
(2) As is evident from the results of stainless steel, the range of deformation conditions for the occurrence of dynamic recrystallization becomes wider (i.e., much lower temperatures or higher strain rates) with decrease in the initial austenite grain size.
(3) The range of deformation conditions for the occurrence of dynamic recrystallization of austenite is different between the stainless steel and the maraging steel. As can be seen by comparing the results of both steels having the almost same initial austenite grain size (i.e., the stainless steel with D0= 150 am and the maraging steel with D0= 193 pm), the range of deformation conditions for the stainless steel is narrower than that for the maraging steel. For example, when deformed at the strain rate of 1.7 x 10-2 s-1 at 1 000 °C (~=0.5), the stainless steel is not recrystallized although the maraging steel is completely dynamically recrystallized. This indicates that the dynamic recrystallization of austenite is difficult to occur in the stainless steel compared with the maraging steel.
The Zener-Hollomon parameter Z (=E exp (Qf RT)), which is the temperature compensated strain rate, is useful for the indication of deformation condition with various combinations of T and E such as Table 2 . Q in Z corresponds to the apparent activation energy in the equation of =AQM exp (-QJRT) which is known to be held between the peak stress 
(73f) and the strain rate (E) when the dynamic recrystallization occurs. It was confirmed that the above power law between and ~M was held in both steels, and the values of Q obtained were 104 kcal/mol for the stainless steel and 79 kcal/mol for the maraging steel, respectively. Figure 3 shows the relation between the flow peak stress (QM) due to the dynamic recrystallization and Z in both steels, indicating that the relation of Z=AQ is almost satisfied. The stress exponent n obtained from the slope in Fig. 3 was 4 .6 for the stainless steel and 4.5 for the maraging steel. Figures 4 and 5 are the summaries of the change in the structure of hot deformed austenite with the deformation condition Z and s. These results were obtained by the optical microstructural observations such as Photos. 1 to 3. At a given Z, the austenite structure changes from the unrecrystallized to the partially recrystallized and finally to the completely recrystallized with increase in the strain. The critical strain (ed) for obtaining the completely dynamically recrystallized structure increases with increase in z. Inversely, when the specimens were deformed with a given strain, the austenite structure changes from the completely recrystallized to partially recrystallized and finally to the unrecrystallized with increase in Z. Thus, the upper critical Z (Zr) exists for the occurrence of dynamic recrystallization.
It is to be emphasized that the critical Z~ is dependent on the amount of deformation, i.e., the Z. increases withh increase in the amount of strain (s) as shown in Figs. 4 and 5. Furthermore, as is evident from Fig. 4 , with decrease in the initial grain size of austenite, the dynamically recrystallized structure can be obtained at much smaller strain under the same Z condition or at much higher Z under the same E condition.
Effect of the Deformation Condition (T, and s) and
the Initial Grain Size on the Dynamically Recrystallized Grain Size of Austenite As shown in Photos. 1(d), 1(e), 2 (d) and 2 (e), once the original grains are replaced by the new recrystallized grains during hot deformation, the same structure is obtained irrespective of the further deformation. Then, the average dynamically recrystallized grain size (D) of austenite is independent of the strain Relationship between high temperature deformation structure of austenite and deformation conditions (Z and s) in 18-8 stainless steel with different initial austenite grain size (D0). 
Transactions ISIJ, Vol. 22, 1982 (r). Photograph 4 shows the optical micrographs of dynamically recrystallized austenite formed under the same deformation condition (T=1 200 °C, =1.7 x 10-3 s-1; Z=4.6 x 1012 s-1) in the stainless steel having the different initial austenite grain sizes. Despite the difference in the initial grain size, the microstructure and the grain size of dynamically recrystallized austenite are very similar to one another. This indicates that the dynamically recrystallized grain size (D) is independent of the initial grain size (Do) and uniquely determined by the deformation condition Z. It has been reported in the studies on Ni, Cu and plain carbon steels3-5,11-15) that the dynamically recrystallized grain size is independent of s and Do, and determined only by Z. The same results were verified in high alloy steels by this investigation. Photograph 5 shows the dynamically recrystallized austenite structure formed under the various conditions Z in the stainless steel (D0= 76 pm). It appears that D decreases with increase in Z. The relation between the dynamically recrystallized grain size (D) and Z in the stainless steel and the maraging steel is given in Figure 6 . For both steels, the linear relationship is almost held between log D and log Z, indicating that the equation of Z=AD-M which has been reported by other researchers4,15~ is held between D and Z. The value of M was 2.4 for both steels. In Fig. 6 , the range of Z for the occurrence of dynamic recrystallization is widely different between the stainless steel and the maraging steel. However, this is simply due to the difference of Q and does not mean that the deformation conditions (T and ~) for the occurrence of dynamic recrystallization is widely different from each other. For the reference, the combinations of T and which correspond to each Z for both steels are shown at the upper side of Fig. 6. 3. Room Temperature Hardness of Dynamically Recrystallized Structure Figure 7 shows the relation between the room temperature hardness of dynamically recrystallized austenite formed at different Z and its grain size D in the stainless steel. For the sake of comparison, the room temperature hardness of solution treated austenite having various grain sizes obtained by the annealing of cold rolled materials at various temperatures is also shown in Fig. 7 . Both dynamically recrystallized and solution treated austenites exhibit the increase in hardness with decrease in the austenite grain size. However, the hardness of dynamically recrystallized austenite is higher (d Ho : about 20) than that of the solution treated austenite at any grain sizes.
Photo.
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Optical micrographs of dynamically recrystallized (T=1200 °C, =l.7 x 10_3 s-1; Z=4.6 x 1012s1) in (D0 (259) Figure 8 shows the room temperature hardness of martensite formed from the dynamically recrystallized austenite as a function of prior austenite grain size (i.e., the dynamically recrystallized austenite grain size) in the maraging steel. The hardness of martensite formed from the solution treated austenite having various austenite grain size is also shown in the same figure for the comparison. The hardness of martensite formed from the dynamically recrystallized austenite is slightly higher than that of conventional austenitized specimens at any prior austenite grain sizes. However, in the case of maraging steel, the hardness increase of martensite due to the dynamic recrystallization of austenite is fairly small (JHv: 5'-.' 10) in comparison with the hardness increase of austenite in stainless steel due to the dynamic recrystallization. I V. Discussion
Deformation Conditions for the Occurrence
Recrystallization of Austenite Since the dynamic recrystallization is of Dynamic closely related with the improvement of microstructure (e.g., grain refinement), the hot workability, the hot deformation resistance and so on, it is important to know whether the dynamic recrystallization takes place or not during the practical hot deformation process. For this, it is necessary to make clear the range of deformation conditions for the occurrence of dynamic recrystallization in several steels. In the present investigation, these deformation conditions for the stainless steel and the 18 Ni maraging steel were determined as a function of three factors of T, E and s as shown in Figs. 4 and 5. In the previous literatures, the deformation conditions for the occurrence of the dynamic recrystallization have been mostly described only by the combination of T and E (i.e., Z). This seems to give the impression that the upper critical Zc for the occurrence of dynamic recrystallization uniquely exists in given metals and alloys. However, it is to be noted that the strain (s) is also one of the important factors determining the occurrence of dynamic recrystallization in addition to T and s. The diagram showing the relation between the hot deformation structure of austenite and the deformation condition (T, and e) such as Figs. 4 and 5 is useful to estimate the structural change during the deformation at various temperatures by the various hot working methods having different s and r.
The initial grain size is the important material factor which affects the occurrence of dynamic recrystallization. It has been pointed out5,9,13"6~ that the dynamic recrystallization starts to occur at lower strains with decrease in the initial grain size when deformed under the condition of the same Z. The similar tendency was observed in this investigation as shown in Fig. 4 . I t has been generally considered11"7 ~ from the investigations of non-ferrous metals and alloys such as Cu and Ni that the dynamic recrystallization easily occurs in the materials with low stacking fault energy. Since the addition of Cr reduces the stacking fault energy of austenite,18~ the austenite stacking fault energy of 18-8 stainless steel must be much lower than that of 18 Ni maraging steel. Therefore, it was expected that the stainless steel easily exhibits the dynamic recrystallization compared with the maraging steel. However, the experimental results of the present investigation showed that the dynamic recrystallization of austenite in the stainless steel is hard to occur in comparison with the maraging steel as shown in Table  2 . Consequently, the stacking fault energy of austenite seems not to be the critical factor influencing the occurrence of dynamic recrystallization, at least in the high alloy steels such as used in this study. Honeycombe and Pethenl9) have shown that the dynamic recrystallization in austenitic Fe-Cr-Ni alloys is hard to occur in comparison with the austenitic FeNi alloys, indicating that the addition of Cr suppresses the occurrence of the dynamic recrystallization of austenite. It has been known20) that the increase in Cr content in Fe-Cr-Ni austenitic alloys retards the static recrystallization of austenite. Since the dynamic recrystallization behavior bears many resemblances to the static recrystallization in terms of kinetics and the formation process of the recrystallized grains, etc., it might be reasonable to consider that the effect of material factors (e.g., alloying elements, initial grain size, etc.) on the relative difficulty of the occurrence of the dynamic recrystallization almost corresponds to that of static recrystallization.
2. Austenite Grain Size Refinement due to the Dynamic Recrystallization It is characteristic that the dynamically recrystallized grain size D is uniquely determined by the deformation condition Z and is independent of the initial grain size D0 (Photo. 4 and Fig. 6 ) and the amount of strain (Photos. 1 and 2). D decreases with increase in Z. In the case to attempt the austenite grain refinement by the dynamic recrystallization, it is desirable to deform the specimen at as high Z as possible. However, the dynamically recrystallized structure can not be obtained when specimens were deformed under the conditions more than Z,. As described earlier, the upper critical Z~ depends on the amount of total strain and the initial grain size. The smallest grain size of the dynamically recrystallized austenite obtained in this investigation was 14 ~cm for the maraging steel and 22 pm for the stainless steel, respectively. However, it can be expected to obtain much finer austenite grains in both steels if the Z~ could be increased more than that in the present study by the further increase in the amount of total strain or by the further decrease in the initial austenite grain size.
It might be possible that, even in the case of coarse initial grains, the fine grained structure is finally obtained by the proper control of deformation conditions (i.e., T, and E) during several passes of hot working process. That is, in the case that the initial grains are very coarse, the dynamic recrystallization is usually hard to occur under the condition of high Z (deformation at lower temperatures or higher strain rates). However, when these steels are deformed first at low Z (e. g., higher temperature), the dynamic recrystallization can be realized and makes austenite grains a little smaller than the initial grains. As the slight decrease in the grain size by the first pass of hot working process makes Z,, slightly higher, the dynamic recrystallization can occur at the second pass at lower temperatures (i.e., higher Z) than that of the first pass. By such a proper successive lowering of the deformation temperature during hot working process, the small ID might be able to be finally obtained even in the case of coarse initial grains.
The effect of alloying elements on the dynamically recrystallized austenite grain size D has not been made clear yet. Figure 9 shows the change in the dynamically recrystallized austenite grain size with the strain rate at 1 100 °C in the stainless steel and the maraging steel derived from the linear relationship shown in Fig. 6 . D of both steels is almost same when specimens were deformed under the same condition. In Fig. 9 , D of 0.16 % C steel estimated from the data by Sakui and Sakai5) is shown for the comparison, indicating that the dynamically recrystallized grain in high alloy steels is finer than that in the plain carbon steel if compared at a given deformation condition.
3. Strengthening Effect due to the Dynamic Recrystallization As the dynamically recrystallized structure is a kind of deformed structure because of the simultaneous deformation during recrystallization, it contains dislocation cells as a substructure.11"2,21,22) It has been reported12,21) that the room temperature hardness of dynamically recrystallized structure in Ni and Cu is higher than that of solution treated one because of the difference in dislocation substructure. In the present investigation, the strengthening effect of austenite due to the dynamic recrystallization was confirmed in 18-8 stainless steel. However, the increase in the room temperature hardness due to the dynamic recrystallization is not so large (4Hv; about 20) as shown in Fig. 7 . For the reference, the change in the austenite hardness by the cold rolling in the 18-8 stainless steel was examined. The increase in the room tempera- ture hardness by the rolling at R. T, was 4Hv : 60 for 10 % reduction and 4Hv: 130 for 20 % reduction. Then, the increment of hardness (4Hv: about 20) due to the dynamic recrystallization corresponds to that of about 5 % cold rolling in the case of 18-8 stainless steel. Therefore, the strengthening effect due to the dynamic recrystallization is not so significant, as has been pointed out by Okita and Ouchi.s~ In the case of the maraging steel, the room temperature hardness of martensite formed from the dynamically recrystallized austenite is slightly higher (aHv : 5 N 10) than that of martensite formed from the conventional solution treated austenite. The increment of martensite hardness in the maraging steel is smaller than that of austenite obtained in the stainless steel, indicating that the amount of hardness increase of dynamically recrystallized austenite is not effectively inherited into the martensite in the maraging steel. This tendency seems to coincide with the results of ausforming, i.e., some amount of carbon in steel is necessary for the effective increase in the martensite strength by ausforming.23z Therefore, in order to attempt the increase in the martensite strength by the dynamic recrystallization of austenite, the addition of carbon might be necessary like in the case of ausforming. This is the subject for a future study.
V. Summary
The behavior of dynamic recrystallization of austenite during tensile deformation at high temperatures ranging from 800 to 1 200 °C and strain rates of 10-3-10_1 s-1, and its related phenomena such as the austenite grain refinement and the strengthening effect were investigated using the 18-8 stainless steel and the 18 Ni maraging steel. The main results obtained are as follows :
(1) The deformation conditions for the occurrence of dynamic recrystallization of austenite in both steels were clearly determined as a function of three factors of T, and r. The dynamic recrystallization takes place under the deformation conditions with Z (Zener-Hollomon parameter) less than the critical value of Z~. The upper critical Z. increases as the amount of strain given by hot deformation is increased or the initial austenite grain size is decreased.
(2) The range of deformation condition for the occurrence of dynamic recrystallization in the 18-8 stainless steel is narrower than that in the 18 Ni maraging steel. This suggests that the addition of Cr retards the occurrence of dynamic recrystallization of austenite.
(3) The dynamically recrystallized austenite grain size (D) is determined only by the deformation condition Z and is independent of the strain (s) and the initial grain size. The relation of Z=AD-2.4 (A : constant) was obtained for both steels, indicating that the D decreases with increase in Z.
(4) The room temperature hardness of dynamically recrystallized austenite is higher than that of solution treated austenite in 18-8 stainless steel. However, the increase in hardness of austenite due to the dynamic recrystallization is not so significant (4Hv : about 20). In the case of 18 Ni maraging steel, the hardness of martensite formed from the dynamically recrystallized austenite is slightly higher (4Hv : 5 N 10) than that formed from the conventional solution treated austenite, suggesting that the strengthening of martensite due to the dynamic recrystallization of austenite hardly occurs in the 18 Ni maraging steel.
